INTRODUCTION
Many countries operating nuclear power plants have addressed how to dispose spent nuclear fuel without any hazard to mankind but they have not provided regulatory and licensing criteria for safe spent fuel disposal accepted by the public. Since many spent fuel pools at nuclear power plants throughout the world are near capacity, most utilities have to consider interim dry storage of spent fuel as an option for increasing spent fuel storage capacity. Therefore, the dry storage concept is becoming a major technical consideration for intermediate spent fuel storage at present [1] . In relation to this, studies on the effects of interim dry storage conditions on spent fuel integrity have recently been initiated in Korea.
The dry storage conditions necessary for maintaining spent fuel integrity may differ depending on the spent fuel storage operating conditions including normal and accident conditions. The dry cask storage conditions for spent fuel may be summarized as follows [2] :
• Long storage time: 40 years or more, e.g., 100 years • Inert gas, helium storage atmosphere instead of pressurized or boiling water, as this will decrease heat transfer but generate no corrosion • Decay heat that can raise the cladding temperature up to 400ºC or higher at the beginning of the storage period and the temperature will thereafter decrease over time.
• Atmospheric storage pressure combined with high fuel temperature and internal gas pressure may result in high clad overpressure and subsequently high clad hoop stress, which will decrease with time as well.
• No external radiation
Fuel cladding failure during interim dry storage is mainly caused by cladding creep rupture and mechanical strength degradation combined with hydride reorientation, where these factors are in turn affected by cladding overpressure, fuel decay heat, and storage time [3] . Delayed hydride cracking (DHC) in zirconium alloy is also a possible degradation mechanism in interim dry storage [4] . The fuel cladding integrity during in-reactor operation depends on the amount of oxidation, irradiation hardening, Recently, many utilities have considered interim dry storage of spent nuclear fuel as an option for increasing spent fuel storage capacity. Foreign nuclear regulatory committees have provided some regulatory and licensing requirements for relatively low-and medium-burned spent fuel with respect to the prevention of spent fuel degradation during transportation and interim dry storage. In the present study, the effect of cladding creep and hydride distribution on spent fuel degradation is reviewed and performance tests with high-burned Zircaloy-4 and advanced Zr alloy spent fuel are proposed to investigate the effect of burnup and cladding materials on the current regulatory and licensing requirements. Creep tests were also performed to investigate the effect of temperature and tensile hoop stress on hydride reorientation and subsequently to examine the temperature and stress limits against cladding material failure. It is found that the spent fuel failure is mainly caused by cladding creep rupture combined with mechanical strength degradation and hydride reorientation. Hydride reorientation from the circumferential to radial direction may reduce the critical stress intensity that accelerates radial crack propagation. The results of cladding creep tests at 400ºC and 130MPa hoop stress performed in this study indicate that hydride reorientation may occur between 2.6% to 7.0% strain in tube diameter with a hydrogen content range of 40-120ppm. Therefore, it is concluded that hydride re-orientation behaviour is strongly correlated with the cladding creep-induced strain, which varies as functions of temperature and stress acting on the cladding. and hydrogen pick-up. Therefore, these parameters have to be considered for the spent fuel cladding integrity. On the other hand, the maximum operating experience regarding wet storage of spent fuel is about 40 years, whereas that for dry storage is about 20 years. The spent fuel burnup in wet and dry storage is in a range of 33000 to 45,000MWD/MTU (Batch Average Burnup). High burnup fuel and materials have already been developed and are currently being used in commercial nuclear power plants in order to enhance their economy. Therefore, it is expected that spent nuclear fuel burnup in the next 10 years will be in a range of 45,000 to 55,000MWD/MTU (Batch Average Burnup).
The aim of this work is to review the effects of cladding creep and hydride distribution on spent fuel degradation and to provide some key guidelines for regulatory and licensing requirements of high-burned spent fuel. Especially, creep research results were considered to investigate the effects of temperature and tensile hoop stress on hydride reorientation and subsequently to examine temperature and stress limits against cladding failure.
REVIEW OF REGULATORY AND LICENSING REQUIREMENTS
The most significant fuel design criteria for dry storage are listed in Table 1 [5] . Based on these regulatory and licensing requirements, the key cladding performance parameters include pellet-clad interface temperature, fuel burnup, cladding hoop stress, cladding strain, cladding creep, cladding oxidation, etc. The hoop stress limit combined with the temperature limit is used as a key regulatory requirement in most countries, because the stress limit can define the fuel cladding integrity clearly and easily. The strain limit has been eliminated in the USA, since it can be replaced by the stress limit. However, the strain limit is still utilized by some countries. Even though cladding creep rupture is considered to be the main failure mode and mechanism during interim dry storage, the creep rupture limit has not been used and has been replaced by the temperature and stress limits by most countries, with Spain being a notable exception. The cladding oxide thickness has not been used as a limit for the spent fuel integrity but it has been used to calculate the cladding metal thinning, a variable that is employed in the hoop stress calculation. Other potential failure mechanisms of the PWR cladding are stress corrosion cracking (SCC) and delayed hydride cracking (DHC). SCC was considered not to be active for spent fuel failure in interim dry storage, as the elemental iodine is insufficient to cause SCC. The threshold stress for the initiation of inter-granular cracking stresses is in a range of 180 -200MPa, which is not achievable even for high burnup fuel. In addition, hydride has no relation with iodine-induced SCC. However, DHC cannot be ruled out for spent fuel failure, and DHC modelling has recently been carried out to simulate the crack growth mechanism [4] . According to the fuel related regulatory requirement criteria of Rev.3 in the USA [2] , the items that should be considered for the cladding with respect to the transportation and storage of spent fuel are:
• A 400ºC (752ºF) maximum cladding temperature must be maintained for normal storage conditions including drying, backfilling, and transfer operations. • Higher temperatures may be justified for short periods of time for fuel with <45 GWD/MT burnup if the hoop stresses do not exceed 90MPa at temperature (the 90MPa limit does not apply at 400ºC of below at any burnup).
• Cladding stress should be based on the effective cladding thickness after corrections for oxide thickness and hydride rims.
• For off-normal and accident conditions the cladding temperature should not exceed 570ºC.
• Temperature cycling that may, as an example, occur during loading operations must be limited to < ∆65ºC and for 10 cycles.
• Effects of transportation accidents on cladding integrity, particularly the effects of high hydrogen concentrations, [7] are currently being evaluated and license applications will be reviewed on a case by case basis until an ISG (Interim Staff Guidance) can be issued in the future. The temperature and stress limits can be adjusted to prevent creep rupture-induced failure. The amount of hydride reorientation may be taken into account to reduce the temperature and stress limits, since it will accelerate creep rupture and subsequently reduce fuel failure time. Note that the NRC is considering the effect of radial hydrides on fuel failure occurring during handling and transportation accidents The NRC has recognized that some design limit medications including the stress limit are needed in addition to Rev. 3 [6] as follows:
• 90MPa cladding hoop stress limit should be applied at temperature at all burnups, but if an applicant has data and analysis to justify higher stress limits the case will be evaluated on its merits. • 570ºC maximum cladding temperature for all short term operations with low burnup (<45 GWD/MTU) fuel • An inert gas cask atmosphere for storage and transportation • A reflood analysis to assure sub-criticality with water moderation during handling and transport accidents The limits for the cladding integrity recommended by NRC are shown in Fig. 1 as a function of stress and temperature. For dry cask storage, the cladding temperature can reach several hundred degrees as a result of the fuel decay heat. The sources of internal pressure are He gas pre-pressurization during fuel fabrication, fission gases, and alpha decay of Pu isotopes in the fuel during storage [2] . All of these pressurization sources are burnup dependant except pre-pressurization. The internal pressure of cladding during dry storage is further raised by the fuel decay heat. Therefore, creep deformation of the fuel cladding will continue to occur due to the increase in the internal pressure during dry storage. The cladding temperature and internal gas pressure are highest at the early stage, and decrease with exposure time in dry storage, as shown in Fig. 2 [7] . In addition, hydride reorientation may occur if a sufficient hoop stress combined with temperature exists during interim dry storage, since cladding containing a hydrogen level of 100-600ppm is exposed to a relatively high temperature and hoop stress for a lengthy period. The effect of hydride orientation, i.e., radial and circumferential hydrides, on the mechanical behaviours of un-irradiated cladding has previously been studied [8] . It was reported that samples with radial hydrides failed in a more brittle manner than samples with circumferential hydrides despite that the hydrogen content of the samples was the same, as shown in Fig. 3 . Therefore, it can be concluded that cladding having radial hydrides is undesirable for the handling and transportation of the spent fuel assembly. [8] structural characteristics of grain size and dislocation density. The creep mechanism of Zr-based alloys is controlled by the test temperature and applied stress [9] . Considering that the cladding creep direction is outward, creep-rupture is the most likely cladding failure mode during dry storage. Since there is no irradiation during dry storage, ex-reactor creep tests can give valid results for the cladding creep modelling of spent fuel.
REVIEW OF CLADDING CREEP BEHAVIOR DURING DRY STORAGE
The main parameters that control creep rupture are the cladding temperature and stress level. Creep behaviour with stress and temperature was evaluated by using the recrystallized Zircaloy-4 strip test [10] . Since creep tests were carried out under a constant load stress in a temperature range from 350 to 450ºC and a stress range from 110 to 230MPa, the obtained data are suitable to consider the creep behaviour of Zircaloy-4 in dry storage conditions. From the results of the aforementioned previous study of creep for Zircaloy-4 strip, shown in Fig. 4 , the creep deformation was increased by increasing the applied stress as well as by increasing the test temperature. From this figure, it is found that abrupt changes in the creep strain are related to the test temperature. The creep strain is considerably increased by applied stress from 200MPa to 230MPa in the 350ºC test, whereas it increases from 140MPa to 170MPa in the 400ºC test, and from 110MPa to 140MPa in the 450ºC test. At the same stress of 140MPa, the creep strain rate is sharply increased by increasing the test temperature from 400ºC to 450ºC. From these results, it is concluded that the creep property of Zircaloy-4 material is dependent on the stress and temperature level. A transition of creep rate with the applied strain is observed in a test temperature range of 350 to 450ºC.
When compared to the cladding stress limit for dry storage, shown in Fig. 1 , the stress limit of 90MPa up to 400ºC is acceptable in terms of avoiding excessive creep strain in Zircaloy-4 cladding. However, (what exactly?) is unknown for the stress limit of 90MPa up to 570ºC, because the creep strain increases exponentially with an increase of temperature. The recommended stress limit of 90MPa is still under debate, because a typical hoop stress at the initial storage temperature is in the range of 60 to 120MPa.
The creep kinetics with hydrogen content should also be considered, because high burn-up cladding contains hydrogen and hydrides as a result of oxidation processes during in-reactor operation. It has been reported that hydrogen in the form of hydrides reduces static recovery [11] . Through this mechanism, the presence of hydrides in the cladding will help prevent the cold work microstructure from being annealed out of dislocations and thereby maintain lower creep rates in the spent fuel cladding, as shown in Fig. 5 [11] . In order to make a cladding tube creep model for interim dry storage, therefore, it is necessary to study the detailed correlations among creep strain (up to rupture time of cladding tube), temperature, and hydrogen content. Because Korea has not yet provided regulations or licensing limits for interim dry storage such as peak clad temperature, internal pressure, strain limit, etc., it is recommended that a systematic creep study related to the cladding integrity be performed as soon as possible.
STUDY ON HYDRIDE REORIENTATION OF CLADDING DURING DRY STORAGE
The NRC has recognized that the fuel cladding integrity is reduced by hydride reorientation from the circumferential to radial direction. The radial hydrides appear to reduce the critical stress intensity required to propagate a radial crack in the cladding during handling or transportation [8] . The effects of hoop stress and temperature on hydride reorientation are shown in Fig. 6 . The stress limits for hydride reorientation appear to decrease with an increase of temperature. The stress limit of 90MPa at 400ºC, used as a regulatory and licensing requirement, is shown in this figure.
Another type of hydride related degradation of spent fuel cladding is DHC. The potential of DHC to cause cladding degradation is taken into account in Chao's model [4] . His model confirmed that crack propagation increases as the amount of hydride reorientation from the circumferential to radial direction increases. In general, radial hydrides in zirconium alloy cladding are not common, since the texture of the zirconium alloy cladding is controlled during the tube manufacturing process to generate circumferential hydrides. It has been reported that the hydrides can reorient in the radial direction if the cladding is exposed to sufficient tensile or hoop stress at a higher temperature [12] .
However, it is necessary the tube creep test to utilize the strain effect on hydride reorientation, because the creep strain effect in a dry storage environment has not been studied. The tube creep study using a cladding comprised of Zr-1Nb-1Sn-0.1Fe [13] could be quotated to discuss the strain effet on hydride orientation. The tube has dimensions of 200 mm length, 9.5 mm outer diameter, and 0.57 mm [6] wall thickness. A tube creep test apparatus, wherein the internal pressure and the test temperature can be controlled, was used to obtain the creep deformation behaviour. The medium for internal pressure was argon as an inert gas, and the internal pressure was calculated by the thin walled tube equation given below.
where σθ is the tube hoop stress, P is the internal pressure, Dm is the tube mid-wall diameter, and w is the tube wall thickness. The test temperature and hoop stress were 400ºC and 130MPa, respectively. The diameter change by creep deformation was measured using a micrometer with 10 -2 mm resolution after 5 and 20 day tests for two samples. To identify the correlation between creep strain and hydride reorientation, microstructural observation was performed using a scanning electron microscope (SEM, JEOL 6300). Although hydrogen was not charged in the test rod before the creep test, hydrogen up-take was found to occur during the creep test at 400ºC in an air condition. A hydrogen analysis was performed using 2-3 mm sections cut from the crept rod samples using a vacuum fusion method (LECO RH-404). Fig. 7 shows the hoop creep strain and hydrogen content of the Zr-1Nb-1Sn-0.1Fe alloy cladding tube as a function of test time. The hoop strain was measured as 2.6% for the 5 day test and 7.0% for the 20 day test. The hydrogen content was analyzed to be 40ppm for the 5 day test and 120ppm for the 20 day test. Fig. 8 shows the hydride morphologies before and after the creep tests. To identify the hydride morphology and direction, microstructural observations were performed for the axial normal plane.
Before the creep test, no hydride was formed in the cladding, from the outer to inner surface. Hydrides were observed in the 2.6% strained sample and their orientation was parallel to the hoop direction, whereas the hydride orientation in the 7.0% strained sample was in both the hoop and radial directions into halves. From this result, it is found that hydride reorientation occurred with strain ranging from 2.6% to 7.0% in tube diameter with a hydrogen content range of 40 -120ppm. Considering that the results of this work are very limited, an extensive study on the effects of strain and temperature at different hoop stress on hydride reorientation is necessary.
Other hydride reorientation tests using Zircaloy-4 in a cold worked or SRA state with 100 to 600ppm hydrogen levels were also performed [14, 15] . The results indicated that hydride reorientation may occur due to applied stress, heat cycling (cool-down rate), and temperature factors. Because hydride reorientation is a diffusion process that occurs in a dry storage environment for up to 40 years, the strain effect identified in this work will continue to affect hydride related degradation of cladding materials. In addition, the advanced PWR alloy ZIRLO showed low hydrogen pick-up during in-reactor operation when compared to Zircaloy-4. Therefore, the condition of low hydrogen content will be studied in the future. 
EFFECT OF HIGH BURNUP AND CLADDING MATERIALS ON SPENT FUEL INTEGRITY
As shown in Fig. 9 [16], discharged fuel burnup is continuously increasing. In Korea, the batch average burnup employed in in-reactor operation was about 33,000MWD/MTU in the 1970s, 38,000MWD/MTU in the 1980s, and recently increased to 45,000MWD/MTU. Furthermore, it is expected that the discharged fuel burnup will reach 55,000MWD/MTU if the RIA issue is resolved. The maximum dry storage experience is about 20 years, with the use of a batch average burnup of 38,000MWD/MTU and Zircaloy-4 cladding. However, the discharged fuel burnup with Zirclaoy-4 or advanced Zr alloys, e.g., ZIRLO and M5, will be increased to 45,000MWD/MTU or more in the next 10 years. It is well known that Zircaloy-4 oxidation is accelerated above about 40,000MWD/MTU, and consequently cladding metal thinning is also accelerated. Meanwhile, advanced Zr alloy oxidation is substantially less than Zirclaoy-4 oxidation and cladding metal thinning of the former, even at high burnup, is approximately the same as Zirclaoy-4 metal thinning at 40,000MWD/MTU. However, fission gas release and decay heat will be accelerated with an increase of discharged burnup regardless of the cladding materials. This means that the cladding hoop stress and decay heat of high burned spent fuel cladding will sharply increase as compared to the current spent fuel cladding in interim dry storage. In other words, the maximum cladding hoop stress and achievable temperature for high-burned spent fuel are much greater than those for the current spent fuel in interim dry storage. 
SUMMARY
Based on wide ranging investigations on interim dry storage conditions and relevant failure modes, it is found that the key cladding performance parameters are cladding temperature, fuel burnup, cladding hoop stress, cladding strain, cladding creep, and cladding oxidation. The hoop stress limit combined with the temperature limit is used as a key regulatory requirement in most countries, because the stress limit can clearly define the fuel cladding integrity. The strain limit has been eliminated in the USA, since it can be replaced by the stress limit. However, the strain limit is still utilized by some nations. Fuel cladding failure may be caused by creep-rupture and mechanical strength degradation combined with hydride reorientation. According to the spent fuel related regulatory and licensing requirement criteria of Rev. 3 provided by the NRC in the USA, the major limiting parameters for dry storage are 400ºC cladding maximum temperature and 90MPa cladding hoop stress, which are based on the hydride reorientation behaviour from the circumferential to radial direction. Radial hydrides in zirconium cladding are undesirable, because they reduce the critical stress value required to propagate a radial crack through the cladding wall during handling or interim dry storage.
Cladding tube creep tests were performed in this study to investigate the strain effect on hydride reorientation. The results of the creep tests indicated that hydride reorientation occurred between 2.6% to 7.0% strain in the tube diameter. Considering that the results of this work are very limited, an extensive study on the effects of strain and temperature at different hoop stresses on hydride reorientation is necessary.
With an increase of burnup, fuel performance parameters such as fission gas release, cladding oxidation, and fuel decay heat will be sharply increased. Consequently, the cladding hoop stress and temperature of high burned spent fuel cladding are sharply increased, compared to the current low-and medium-burned spent fuel cladding used in interim dry storage. With the use of high burned Zircaloy-4 and advanced Zr alloys, therefore, it is strongly recommended that various cladding tube degradation tests such as mechanical tests, high temperature creep tests, DHC tests, hydride rim-induced failure tests, and embrittlementinduced failure tests be performed.
